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I. INTRODUCTION
S WITCHED-MODE step-up dc-dcconverters originated with the development of pulse width modulated (PWM) boost converters.
Step-up dc-dc topologies convert lower dc voltage levels to higher levels by temporarily storing the input energy and then releasing it into the output at a higher voltage level. Such storage can occur in either magnetic field storage components (single inductor/coupled inductor) or electric field storage components (capacitors) through the use of various active or passive switching elements (power switches and diodes). With the introduction of semiconductor switches in the 1950s, step-up dc-dc converters achieved steady performance advancements and their use accelerated through the 1960s when semiconductor switches became commercially available with allied manufacturing technologies [1] . The rise of the aerospace and telecommunication industries further extended the research boundaries of boost converters, especially in applications where efficiency, power density, and weight were of major concern. Efficiency has steadily improved since the late 1980s owing to the use of power field-effect transistors (FETs), which are able to switch more efficiently at higher frequencies than power bipolar junction transistors while incurring lower switching losses and requiring a less complicated drive circuit. In addition, the FET replaces output rectifying diodes through the use of synchronous rectification, whose "on resistance" is much lower than and further increases the efficiency of the step-up dc-dc converter, which requires a higher number of diodes for voltage boosting [1] - [3] .
A PWM boost converter is a fundamental dc-dc voltage stepup circuit with several features that make it suitable for various applications in products ranging from low-power portable devices to high-power stationary applications. The widespread application of PWM boost dc-dc converters has been driven by its low number of elements, which is a major advantage in terms of simplifying modeling, design implementation, and manufacturing. The voltage step-up capability of a PWM boost dc-dc converter is enabled by an inductor at the input side that can operate either with a continuous current-in the so-called continuous conduction mode (CCM)-or including a zero current state in the discontinuous conduction mode (DCM). In general, CCM operation is more prevalent owing to the load dependent voltage gain, high current ripple, and low efficiency 0885-8993 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. of DCM operation. However, the higher stability characteristics of the boost converter and smaller inductor implementation in the DCM mean that, occasionally, DCM operation of step-up dc-dc converters is preferable [4] - [5] . In addition to the abovementioned features, a PWM boost converter also has several shortcomings: hard switching and severe reverse recovery in the output diode, both of which cause lower efficiency; nonminimum-phase (NMP) characteristics owing to the presence of a right half plane (RHP) zero, which leads to difficult high-bandwidth control design; low voltage gain with moderate duty cycle switching; and low power density, which may lead to inefficient operation in high-voltage/power applications. Some of the shortcomings in conventional boost converters have led researchers to investigate and discover new topologies and operational methods, especially when high input-to-output boost ratio and better dynamics, stability, and reliability, along with higher power density and efficiency, are sought. Furthermore, improvements have been made in improving the power supply rejection ratio and input voltage and current ripples while lowering electromagnetic interference (EMI) and costs [6] - [11] . Within the literature discussed later in the paper, there is a consistent demand for reliable, efficient, small-sized, and lightweight step-up dc-dc converters for various power applications. Some of these demands can be simply achieved by using second-, third-, and fourth-order fundamental PWM dcdc converters, e.g., boost, SEPIC,Ćuk, and Zeta converters. Furthermore, flyback, forward, push-pull, half-, and full-bridge converters are still popular and are employed for use at various voltage and power levels in which galvanic isolation is required. However, the literature also presents more complicated newer topologies that utilize different voltage-boosting techniques such as using multilevel, interleaved, or cascaded topologies, or using voltage multiplier cells (VMC), perhaps even combined with switched capacitors (SCs) and/or coupled inductors [12] - [309] . Each topology has its own advantages and disadvantages and should be selected based on the application and its requirements, e.g., isolated/nonisolated, unidirectional/bidirectional, voltage-fed/current-fed, hard/soft switched, or with/without minimum-phase characteristics.
The permutations and combinations of various voltageboosting techniques form an immense number of topologies and configurations. This can be both confusing and difficult to survey and implement for particular applications. In this paper, to provide researchers with a global picture of the array of step-up dc-dc converters proposed in the literature, numerous boosting techniques and topologies are surveyed and categorized. Indeed, a great part of this paper is devoted to demonstrating recent contributions and possibilities in terms of providing step-up voltage gain. The paper provides a "one-stop" information source with various categorizations of voltage-boosting techniques for stepup power conversion applications. These categorizations should assist researchers in understanding the advantages and disadvantages of various voltage-boosting techniques and topologies in terms of their applications. With this intention, a broad topological overview based on the characteristics of step-up dc-dc converters is first presented in Section II. To discuss different voltage-boosting techniques, namely-SC [charge pump (CP)], voltage multiplier, switched inductor/voltage lift (VL), magnetic coupling, and multistage/-level-a comprehensive review based on the respective major circuits is presented in Section III. Finally, an applicational overview of step-up dc-dc converters is presented in Section IV and concluded in Section V. Fig. 1 illustrates a general categorization of step-up dc-dc converters. In following subsections, the details of each class of converter with respective major circuits are described in the following general form.
II. CATEGORIES OF STEP-UP DC-DC CONVERTERS

A. Nonisolated/Isolated
A basic method for stepping-up a dc voltage is to use a PWM boost converter, which comprises only three components (an inductor, a switch, and a diode). A PWM boost converter is a simple, low cost, and efficient nonisolated step-up converter suitable for many dc applications. Fig. 2 (a) illustrates a general view of a nonisolated dc-dc converter along with a PWM boost converter. Analogous to a PWM boost converter, other nonisolated dc-dc structures are usually amenable to relatively low-power levels with reduced cost and size [10] , [11] . Owing to their broad applicability and simplicity of implementation and design, much research has been dedicated to the subject of nonisolated dc-dc converters [32] - [224] . These circuits can be with used with shared ground between the input and output or with a floated output, and Fig. 2(b) shows a general view of a nonisolated dc-dc converter with floated output along with a three-level boost converter. A shared connection between the input and output of nonisolated dc-dc converters can be used to improve the system performance of applications such as transformerless grid connected PV systems [12] , and in addition to special applications in which a common ground between the input source and load is not necessary, the output of nonisolated dc-dc converters can also be floated in a manner similar to that in a three-level boost converter [13] . Furthermore, nonisolated dc-dc converters can be built with or without magnetic coupling. If high-voltage step-up is not considered and efficiency is not a major concern, nonisolated structures without magnetic coupling and comprising only switching devices and passive components can be a useful solution that simplifies converter design by eliminating the need for coupled magnetic design. However, in high-power systems, it is often beneficial to utilize magnetic coupling if high voltage gain is required, and doing so can improve both efficiency and reliability. Both the transformer in its nonisolated form (built-in) and the coupled inductor can be employed in nonisolated dc-dc structures [32] - [224] .
Electrical isolation is an important feature for grid-tied dc-dc converters and for some other applications that require reliable power transfer with low noise and reduced EMI. The applicable safety standard indicates the voltage level of electrical isolation between the input and output of a dc-dc converter, which can be achieved by means of either transformer or coupled inductor [225] - [297] . Some sensitive loads such as those used in medical, military, and avionics applications are vulnerable to faults and noise; as safety is also a major concern for these applications, electrical isolation is typically necessary [239] - [241] , [247] , [248] , [263] , [281] , [282] , [288] , and [293] . Isolated dcdc converters can be single-or two-stage structures and can be implemented using either a coupled inductor or transformer. Fig.  2(c) shows schematics of single-stage isolated dc-dc converters and an isolated dc-dc converter with a coupled inductor. In this category, the coupled inductor will store energy in one cycle and then power the load in the other cycles; such converters usually operate at high frequency in order to reduce the size of the magnetic components. The literature reports on several isolated dc-dc converters that employ coupled inductors for various applications [242] , [258] - [261] , [271] , [272] , [275] , [282] , and [283] . In a high-frequency transformer, the voltage of an input dc source is converted to an ac voltage, often a square/quasi-square wave voltage, and then passed through the transformer. The switching concept in isolated dc-dc converters varies by topology, with forward, push-pull, half-, and full-bridge converters being examples of well-known transformer-based isolated dcdc structures [225] . Furthermore, there is a family of three-level transformer isolated dc-dc structures [233] that benefits from smaller current ripple and reduced voltage stresses compared with corresponding conventional converters. Flyback converters are a type of isolated buck-boost dc-dc converters that use a coupled inductor instead of an isolation transformer and store energy in the ON state of the switch while transferring it to the load in the OFF state of the switch. As shown in Fig. 2(d) , an auxiliary converter can be employed in the first stage of a twostage isolated dc-dc converter to preregulate the voltage level demanded. This auxiliary circuit, which can be a single dc-dc converter with separate modulation and control [225] or can comprise an impedance (Z-) source network, benefits from integrated modulation and control [226] , [229] - [231] . Impedance source networks are an emerging technology in various power conversion applications, in which no additional active switches are required to provide step-up capability [20] .
B. Unidirectional/Bidirectional
Most of the fundamental dc-dc converter types are used to transfer unidirectional power flow, in which the input source should only supply the load (in generation) or absorb the energy (in regeneration) [43] - [212] , [229] - [277] . Unidirectional converters would be usable for this purpose in on board loads such as sensors, utilities, and safety equipment. A typical layout of such a converter, which is usually implemented via unidirectional semiconductors such as power MOSFETs and diodes, is shown in Fig. 3(a) , in which conventional buck and boost converters are also depicted as basic examples of unidirectional dc-dc converters. In converters such as those shown, the power flow is unidirectional because single-quadrant switches are used, i.e., there is no path for the current to be conducted in the reverse direction in the diodes. By contrast, Fig. 3(b) shows the bidirectional structure of a nonisolated dc-dc converter, which can be realized by replacing the one-way direction semiconductors used in unidirectional topologies with current-bidirectional two-quadrant switches [278] . When unidirectional power flow is desired, unidirectional converters are preferred owing to their lower number of controllable switches and correspondingly simpler control implementation.
An interesting design aspect of unidirectional boost converters is that, unlike high-power step-down applications, diodes can sometimes have minimized effects on the circuit's power efficiency. When the output voltage is much higher than the rectifying diode voltage drop, in many applications, designers may decide to retain a diode instead of replacing it with a synchronous rectifier, even as power increases. On the other hand, buck-derived applications such as in voltage regulator modules have been trending toward lower output voltages that would be dominated by the diode power loss and therefore incorporate synchronous rectification and have topological bidirectional current flow capabilities in their switches. Boost-derived applications differ from buck-derived applications in that, while they may not have large output current, their voltage may be very high, e.g., > 600 V, in which case the diode voltage drop might not be as dominant in the power loss calculation.
As discussed in the previous subsection and as will be addressed in the following sections, isolation transformers may be employed either to augment the boost ability of a dc-dc converter or to provide other requirements (e.g., electrical isolation between the input and the output or meeting special standards for particular systems). Fig. 3 (c) shows a schematic of an isolated unidirectional converter along with an example of a unidirectional dc-dc converter. The full-bridge dcdc converter is a popular topology of this family, particularly when dealing with high-power levels such as in industrial applications. This type of converter comprises a dc-ac stage-a high-frequency isolation transformer-followed by a rectification stage. As an example of its various applications, the output voltage of a full-bridge dc-dc converter may supply an ac-dc inverter through a dc-link capacitor for use in a power supply system, ac motor, etc. [234] , [245] - [247] , [252] - [255] , [264] - [267] , [293] .
The growing demand for applications with the storage system and bidirectional energy transfer capability will result in the increased use of bidirectional dc-dc converters. These converters are used in renewable energy systems, railway transportation (e.g., train and tramway), automotive transportation (e.g., hybrid electric vehicles (HEV) and vehicle to grid), aerospace applications, elevators and escalators, uninterruptable power supplies, batteries, supercapacitors, smart grid applications, and many other applications [213] - [223] , [278] - [297] . Although, in principle, energy storage and bidirectional transfer can be achieved by implementing two unidirectional dc-dc converters-one to transfer power from the input to the output, and another to transfer power in the opposite direction-in practice, as mentioned previously, replacing unidirectional semiconductor elements with bidirectional switches will result in a bidirectional topology. Fig. 3(d) shows a schematic of an isolated bidirectional converter along with a popular example of a bidirectional dc-dc converter, dual active bridge (DAB), which is one of the most promising types of isolated bidirectional dc-dc converter derived from unidirectional full-bridge dc-dc converter topology. DAB converters are useful in high-voltage/powerlevel applications [280] , [287] - [289] . In the DAB topology, energy transfer is controlled by adjusting the phase shift between two ac voltage waveforms across the windings of the isolation transformer, and control strategy is one of the more important subjects of research with regard to such converters [280] . 
C. Voltage-Fed/Current-Fed
Depending on their input circuitry, step-up dc-dc converters can be classified as either voltage-or current-fed converters. Fig. 4(a) shows schematics of both types of dc-dc converters in their isolated and nonisolated forms. The voltage-fed dc-dc converter has a capacitive input filter (C in ) and normally can convert input voltage to a lower output voltage (neglecting multiple stages and assuming a turns ratio of unity for magnetic coupling) [54] - [212] , [215] - [219] , [233] - [263] , [284] - [292] . Fig.  4(b) shows the well-known voltage-fed full-bridge converter suitable for high-power applications. It consists of an input capacitor and a low-pass filter at its output. As demonstrated in [234] , its magnetic components can be integrated into a single core in order to reduce the size and cost of the converter. All switched-capacitor structures in step-up dc-dc converters, such as multilevel or flying capacitor converters, can be classified as nonisolated voltage-fed dc-dc converters; such converters usually have fast dynamic response and are suitable for low-power applications [126] .
Unlike voltage-fed converters, current-fed dc-dc converters have an input inductor at the input circuit and can normally convert the input voltage to a higher output voltage [138] - [212] , [220] - [223] , [264] - [277] , [293] - [297] . Fig. 4(c) shows an example of the well-known current-fed full-bridge converter, which consists of an input inductor and a capacitive output filter. Because the switching devices at each leg of a voltage-source full-bridge converter are not allowed to turn ON at the same time (a condition known as shoot-through), the switching patterns must include a dead-time between the high-and low-side switches of each leg. On the other hand, as the switching devices of all legs of current source full-bridge dc-dc converter should not turn OFF simultaneously (known as open-circuit), the high-and low-side switches must always include an overlap. Unlike either of these structures, impedance source based dc-dc converters are immune to both shoot through and open circuit [20] .
Two-inductor two-switch boost converters are another prominent type of current-fed dc-dc converters [135] , [138] , [270] , [271] . A schematic of this type of converter is shown in Fig. 4(d) . These converters can be used in isolated or nonisolated forms and with different rectifier modules. Furthermore, an auxiliary transformer can be integrated at the input to improve performance. Owing to the current balance effect of the auxiliary transformer, no energy is stored in the inductors when there is no overlapping of the conduction times of the two switches [138] . In addition, as demonstrated in [271] , all magnetic components can be integrated into a single core to increase power density by reducing size and weight.
Current-fed dc-dc converters are very popular for low-voltage renewable energy applications such as photovoltaics (PVs) and fuel cells (FCs) because their input inductors can provide a continuous input current, typically with low ripple. This feature reduces the negative impacts of high ripple current on lowvoltage high-current sources. By contrast, the lack of an input inductor in voltage-fed converters results in considerable ripple current at the input; however, as these converters have no RHP zero, they have faster dynamic response than current-fed converters with input inductors and RHP zero. However, this is not a general rule; Song and Lehman [272] introduced an interesting current-fed dual-bridge dc-dc converter with no RHP zero in its voltage transfer function, in which the voltage gain is similar to that of the voltage-fed topology in [235] . The issues relating to the RHP zero concept and its solutions will be discussed further in the following subsections. Current-fed converters usually can achieve a large range of soft switching and provide high efficiency over a large range of power rating in applications with wide input voltage variation [21] , [232] , [267] - [269] , [278] , [279] , [294] , [297] .
D. Hard Switched/Soft Switched
A main drawback of hard-switched converters is their higher switching power loss. In addition, hard-switching converters may suffer from high EMI as a result of high dv/dt and di/dt at switch turn ON and turn OFF [7] . Because switching losses increase as the switching frequency increases, there often is a limit to the maximum switching frequency of such converters. Nevertheless, increasing power density in dc-dc converters means that higher frequency operation must be employed in order to reduce the size of passive magnetic/electric field storage components (i.e., L and C) and reach the ultimate miniaturization goals.
On the other hand, soft-switching converters can reduce the above disadvantages while utilizing stray inductance and capacitance as part of a resonance circuit to achieve zero-voltage switching (ZVS) or zero-current switching (ZCS). As voltage and current during transitions are zero, dc-dc converters can operate at high frequency, which often enables reductions size and weight [127] - [137] , [203] - [212] , [218] - [219] , [246] - [269] , [288] - [292] , [295] - [297] .
Soft-switching converters can be classified as load resonant with resonant networks, active snubber switch cells, and isolated structures with auxiliary assisted circuits. Load-resonant converters are suitable for high-power applications because they allow reductions in the size/weight of the converter owing to their high-frequency operation without conversion efficiency degradation. Fig. 5(a) shows series, parallel, series-parallel (LCC), LLC, CLLC, and LCL resonant networks that can be used in dc-dc converters [139] , [218] , [227] , [247] - [249] , [290] , [297] . Proper operation of these converters is quite dependent on the operating point and resonant frequency, making them not suitable for wide range of operating conditions. Another group of soft-switching converters includes soft switch cell including quasi-resonant, active snubber and ZVS/ZCS, and ZVT/ZCT switch cells that can be implemented in various dc-dc converters to eliminate switching turn ON and turn OFF losses [32] - [37] . Fig. 5(b) illustrates some of these switch cell types implemented in dc-dc converters. Fig. 5 (c) and (d) shows possible bridge structures with auxiliary circuits for soft switching at the primary and secondary sides of the isolated transformer, respectively. Auxiliary circuits can consist of an auxiliary transformer/coupled inductor or an active network (AN). Detailed analysis of primary-assisted soft-switching converters can be found in [250] - [253] , and further detailed analysis of secondaryside-assisted soft-switching converters can be found in [253] - [256] . In addition to these soft-switching circuits, some nonisolated and isolated dc-dc converters also benefit from implementing a small resonant capacitor in series with one side of the magnetic coupling (i.e., coupled inductor/transformer) in order to achieve quasi-resonant operation. These circuits often have stable soft-switching features throughout their operating points and load variations [130] , [203] , [204] , [207] , [210] , [266] .
E. NMP/Minimum Phase
Systems with RHP zeros are called NMP systems. RHP zeros of a transfer function n(s)/d(s) are all roots of n(s) = 0 with real parts greater than zero. Controllers for these NMP systems are more difficult to design because, as the gain increases in a conventional controller, the closed-loop poles will be attracted the RHP. Therefore, obtaining high gain using only output 
voltage controllers in the boost converters may tend to result in destabilization; because of this, it is often difficult to create high-bandwidth controllers and the transient response may not be as fast as desired. The limitation in the maximum gain of the controller becomes more pronounced as the zero moves closer to the imaginary axis. Furthermore, as the poles tend to be destabilized, the phase margin often becomes limited, which makes the system more sensitive to computational or controller delays [22] .
An interesting aspect of NMP systems is that their closedloop transfer functions can maintain the same RHP zeros as their open-loop transfer functions. This symmetry leads to the so-called inverse response to the step input change in which, although the input reference increases, the output may initially decrease before rising to the reference [23] . Conventional dc-dc converters and most of the converters discussed previously in this paper have at least one RHP zero. Boost and buck-boost converters are two fundamental circuits that have an RHP zero in the control to output transfer function operating in the CCM. In both of these topologies, the real part of the RHP zero is roughly proportional to the load resistance and inversely proportional to the voltage gain. This means that in heavy-load (low load resistance) and high-voltage-gain applications, the RHP zero moves toward the imaginary axis, making feedback controllers more difficult to design. Although operating in the DCM can push the RHP zero to high frequencies, the ripple and peak currents in the devices in the DCM is higher than the CCM, and the efficiency is degraded in DCM operation as well [5] . Consequently, obtaining an acceptable stability margin in such converters is a concern for controller designers, and it is more difficult to achieve an adequate phase margin in conventional single-loop feedback systems with a wide bandwidth. This is especially true for high-voltage-gain high-power step-up converters.
To better understand the effects of system poles and zeros on the dynamic response and stability margin of boost converters, Fig. 6 illustrates a typical control to output transfer functions for boost and buck-boost converters operating in CCM (G 1 ) and DCM (G 2 ). The figure also demonstrates the behavior of boost converters without RHP zero (G 3 ). It should be noted that the illustration in Fig. 6 is an approximate demonstration based on different boost-type converters. A boost dc-dc converter operating in the CCM can be represented using two poles in the left half plane (LHP) and one RHP zero; in DCM operation, as the RHP zero placement is far away from the imaginary axis, the converter essentially functions as a first-order system with one LHP pole [5] . There are some boost-derived converters without RHP zero that can be represented with only two LHP poles. It is seen that G 1 performs NMP characteristics such as initial dip before the step rise and unstable phase margin. By contrast, G 2 and G 3 have no such dynamic or frequency response characteristics. Generally, G 2 has a fast dynamic response and a large stability margin; however, as mentioned earlier, DCM operation is problematic on fundamental boost-based converters. Although it would be possible to design special controllers for NMP and minimum-phase systems, the former is intrinsically more difficult owing to the effects of the RHP zero.
Various techniques can be employed to alleviate the effect of the RHP zero in boost converters. Although reducing the inductor value does not eliminate the RHP zero, it pushes it further from the origin and thus reduces the NMP effect. Furthermore, reducing the switching frequency increases the ripple and peak current in such devices. Often, light load and low voltage gains can help mitigate RHP zero effects. Alternatively, operating in the DCM allows for very stable dynamics without RHP zero problems but does not address CCM operation [189] - [191] . Furthermore, various control techniques have been introduced to overcome the problems caused by the RHP zero [192] - [195] . The compatibility of control techniques must be evaluated in terms of the adopted topology as each control technique has its own merits and drawbacks.
New boost converters with additional active switches are introduced in [196] . The resulting tristate boost converters eliminate the RHP zero in the control to output transfer function and can be used in applications in which fast-response boost action is needed. Fig. 7 (b) and (c) shows two different tristate boost converter structures. By implementing an appropriate control technique on the tristate boost converter, the RHP zero can be totally eliminated at the desired operating point [196] . Another type of converter with RHP zero elimination, called the KY converter, is shown in Fig. 7(d) . This converter has a nonpulsating output current and dynamic behavior that is fast as a buck converter with synchronous rectification [124] . However, the [125] . The voltage gain in this converter can be increased without the need for extra switches simply by increasing the SC stages [126] .
Another way to eliminate RHP zero is to use magnetic coupling in the circuit of the boost converter. In [197] , a two inductor boost converter with coupled inductors is presented [see Fig.  7 (f)]. Assuming proper coupled-inductor design, this converter can eliminate the RHP zero. In a critically damped converter with zero coupling, the pair of zeros in the control to output transfer function are in the LHP; by increasing the coupling, one zero remains in the LHP and the other one moves to the RHP. A drawback of this converter type is that its switch is floating, which requires a special gate drive circuit. By using boost converters with output filters, it is possible to achieve magnetic coupling between the input inductor and output filter inductor [198] , [199] . Fig. 7 (g) shows the configuration of a boost converter with magnetic coupling of the output filter. The transfer function of this converter has two zeros, which by an appropriate selection of the duty ratio and the number of turns on the coupled inductor can be placed in the LHP [200] . Another improved boost converter type with no RHP zero and ripple-free input and output current is shown in Fig. 7 (h). In this design, an input (L A ), ripple cancelation (L B ), and output (L C ) inductor are integrated into a single inductor in order to reduce size and weight. As it has additional windings, the efficiency of this converter is slightly degraded relative to that of a PWM boost dc-dc converter [201] . Additional methods for alleviating the NMP characteristics of step-up converters include an interesting two-phase interleaved inverse-coupled-inductor boost converter without RHP zeros, as proposed in [202] . In this method, both the primary and secondary coupled inductors of one phase are connected inversely to the circuit; the inverse-coupled-inductor connection of both phases enables all inductors to be implemented on a single core.
As a conclusion to this section, a summary of main characteristics of the reviewed dc-dc structures can be found in Table I .
III. DIFFERENT VOLTAGE-BOOSTING TECHNIQUES
Step-up converters are used to implement various voltage boost techniques in dc-dc converters. Fig. 8shows a broad categorization of the voltage-boosting techniques that can be found in the literature. Five major subsections are included, namely SC (CP), voltage multiplier, switched inductor and VL, magnetic coupling, and converters with multistage/-level structures. In the following section, the general structures of these techniques are first illustrated and then major circuits are shown to illustrate their underlying concepts in detail.
A. Switched Capacitor (Charge Pump)
The SC is a well-known voltage-boosting technique based on a CP circuit that is used in many converters. Voltage-level enhancement in a CP circuit comes solely from capacitive energy transfer and does not involve magnetic energy transfer. Among the many approaches to CP circuit implementation, SC topologies are very popular because of their structural modularity and capability for monolithic integration [54] - [57] . Fig. 9 (a) shows a schematic CP circuit, in which two switches are turned ON and OFF in succession. When switch I is turned ON, capacitor C 1 charges to the input voltage level, and when switch II is turned ON, the stored energy in C 1 transfers to capacitor C 2 and the switches are phased alternately (odd-numbered switches (I) in phase 1, even numbered switches (II) in phase 2). This concept is called pumping the energy from one capacitor to another; and after several cycles, the output voltage reaches the input voltage level [54] .
A two-phase SC voltage doubler (TPVD) is shown in Fig.  9(b) . In the first phase, which is also shown in Fig. 9(b) , capacitor C 1 is charged to the input voltage. In the second phase, capacitor C 1 is placed in series with the input source, which ideally doubles the output voltage level [68] . For higher voltage gains, the TPVD can be connected in series. Doubler SCs, as shown in Fig. 9(c) , are based on the TPVD design, with the output voltage of each stage double its input voltage. A series-parallel connection SC technique is shown in Fig. 9(d) . Series-parallel SC use capacitors efficiently, as the capacitors in this topology support the same voltage [69] . Fig. 9 shows a ladder SC, which consists of two sets (or ladders) of capacitors.
By changing the input voltage node in the lower ladder of capacitors, different voltage gains can be obtained from this type of SC. This topology uses switches efficiently, as the switching devices support the same voltage [69] . Fig. 9(f) shows the Dickson SC, which can be used as voltage multiplier. In the Dickson CP, which used diodes instead of active switches, two strings of pulses with a proper phase shift are required to drive switching [68] . The Makowski SC [70] , illustrated in Fig. 9(g) , can provide high-voltage boosting with low-device requirement. This SC circuit type is also known as a Fibonacci design owing to the fact that its voltage gain characteristic increases according to the Fibonacci number sequence {1, 1, 2, 3, 5, 8, 13, . . . }. The voltage gain in a Dickson CP, on the other hand, increases linearly with the number of power stages, i.e., the output voltage is theoretically equal to N * V in , where N is the number of CP stages. By contrast, the voltage gain in a Makowski CP grows exponentially with the number of switching devices [57] . The conversion Ratio in a Makowski CP is equal to n = F k+1 ; thus, for a CP circuit with k capacitors, the conversion ratio is equal to the (k+1)th Fibonacci number. The Fibonacci numbers can be calculated using
where ϕ is the golden ratio
. Although, exponential SC topologies (Fibonacci and Doubler) have high step-up capabilities, they perform relatively poorly with respect to switch and capacitor voltage stresses as they involve a wide range of different voltages and most of the switches are not ground referenced, which makes implementation difficult [69] .
A critical issue related to SC circuits is their high-current transients, which have a degrading effect on both power density and efficiency. One way to prevent the detrimental effects of current transients in SC circuits is to insert an inductor at the output in order to form a buck converter with the existing switch(es). This technique has the two advantages of providing efficient regulation and eliminating current transients, which together are known as the soft-charging of SC converters. In [133] , a methodology for implementing this technique on several reviewed SC circuits was presented, which led to the development of a family of high-performance resonant SC converters. Fig. 10(a) shows an SC dc-dc converter with common characteristics of SC converters such as low weight and small size. This converter has a prominent feature of a continuous input current waveform [71] . A converter similar to that shown in Fig. 10 (a) was presented in [48] using active switches instead of diodes. Another SC dc-dc converter with resonant operation is shown in Fig. 10(b) . In this topology, a small resonant inductor is used in the first stage to achieve ZCS. Based on this, the current spike that usually occurs in classical SC converters can be eliminated [132] . A multilevel modular capacitor-clamped dc-dc converter (MMCCC) is shown in Fig. 10(c) . This converter uses a modular structure to achieve any required voltage gain, high-power transfer with a simple gate drive, and fault by-passing and bidirectional power management capabilities [216] , [217] . A ZCS operation of the MMCCC can be found in [131] . This converter employs the distributed stray inductances of each SC module to provide zero current turn ON and OFF to the devices; as a consequence, voltage and current spikes are reduced, power losses are minimized, and efficiency is increased. The above-described SC converters attain only some low order of voltage multiplication. However, basic SC cells or modules are useful in converter structures. Fig. 10(d) shows a symmetrical modular SC dc-dc converter with a distributed total capacitor voltage rating. Owing to the modularity of its structure, this converter is capable of achieving high voltage gain but only requires low capacitance and voltage ratings for the output capacitors [66] . A new SC dc-dc converter with symmetrical diode capacitor cells introduced in [72] uses only two switches. This converter can provide flexible gain extension owing to its cell-based structure, simple switch control, and comparatively low-voltage stress on all devices. Table II shows the number of components required for a fourfold voltage SC converter described here.
B. Voltage Multiplier
Voltage multiplier circuits are efficient, low cost, and simple topologies typically comprising a set of diodes and capacitors to obtain high dc output voltage. From a structural point of view, they can be divided into two major groups: 1) the in-circuit VMC, which can be implemented in the middle of a circuit usually after the main switch, in order to reduce voltage stress; and 2) the voltage multiplier rectifier (VMR), which is placed at the output stage of transformer-and coupled-inductor-based structures in order to rectify ac or pulsating dc voltage while acting as a voltage multiplier.
1) Voltage Multiplier Cell:
Voltage multiplier circuits are popular for high boost application as they are simple to implement in any circuit [49] . Fig. 11 shows some generic configurations known as VMC that can be found in dc-dc converters. It should be mentioned that some of these cells consist only of diodes and capacitors [see Fig. 11 (b)-(d)] and hence are known in the literature as switched/diode capacitor VMCs [50] , [51] , [162] . Other VMCs have more components, such as an auxiliary switch [see Fig. 11 (e)] [237] , while some use inductors to increase the voltage-boosting ratio [see Fig.  11 (f) and (g)] [50] , [51] , [73] , [162] , [163] . Some vertical implementations of the VMC in Fig. 11 (c) can also be found in the literature [74] , [164] , [165] .
The performance of the VMCs shown in Fig. 11 (b)-(d) is similar and their voltage gain ratios are identical:
where D is the duty ratio of the main switch. By using a small inductor (normally between 1 and 4 μH) in the VMC in Fig.  11(d) , a ZCS condition can be achieved for the main switch and diodes, which significantly reduces the power loss and increases the efficiency of the circuit [162] . All of the converters using VMCs shown in Fig. 11 operate by switching the main switch (S), with the exception of the VMC in Fig. 11(e) [163] , in which the boost converter operates only with the switch S a of the VMC.
The VMC in Fig. 11 (f) uses a capacitor and inductors to increase the boost factor of the converters [73] . A horizontal implementation of this VMC was introduced in [75] . The VMC in Fig. 11(g) is typically inserted before the main switch to increase the voltage level of very low voltage sources (under 50 V). This VMC has been used in various ultrastep-up dc-dc converters [50] . To meet very high voltage gain demand, the VMCs in Fig. 11(b)-(d) can be implemented in series [162] , [166] . In the VMC in Fig. 11(d) , one inductor at the first stage is sufficient to achieve the ZVC condition on the main switch and in all diodes. A hybrid implementation of various voltage multipliers was also presented in [52] . As the proposed circuits use multiple VMCs, they can usually achieve ultravoltage gain with reduced stress on the components [76] . Table III presents a comparison between the voltage gain and component count of the VMCs described in this subsection.
2) Voltage Multiplier Rectifier: In the literature, this group is commonly referred to as voltage multipliers, and they consist solely of different configurations of diodes and capacitors. As these circuits can be used at the output stage of a converter with ac or pulsating dc inputs, they are also known as VMRs (see Fig. 12 ).
a) Half-wave: The broad group of half-wave VMRs is shown in Fig. 13 . It should be noted that these circuits are not confined to the secondary side of isolated transformers and coupled inductors but can also be used in converters with built-in transformers and coupled inductors. Fig. 13(a) shows a Greinacher voltage doubler rectifier (G-VDR) which is well known and used at the output stage of many transformer-based dc-dc converters [230] and in multistage converters with modular series output [77] . The main drawback of this type of VMR is high-voltage stress on the diodes and output capacitor identical to the high output voltage. Fig. 13(b) shows an improved version of the G-VDR that was recently introduced [258] . The advantage of this VMR is that the voltage stresses of all components are half of the output voltage; this allows for the use of lower voltage rating components than in conventional VMRs, which in turn leads to low-power loss and high efficiency. Fig.  13(c) shows a Greinacher voltage quadrupler rectifier formed by connection of one normal and one inversed G-VDR. The advantage of this VMR is that it can provide a neutral point terminal, which is necessary for half bridge-based transformerless inverters [167] .
Another well-known voltage multiplier is the CockcroftWalton (CW) voltage multiplier, which is similar to the G-VMR but was invented separately years after and earned its inventors the 1951 Nobel Prize in Physics [29] , [30] . CW-VMRs, as shown in Fig. 13(d) , are popular for their simple cascading structures that can provide high-voltage levels [168] . In the generalized CW-VMR shown in Fig. 13(e) , the up and down capacitors are used for odd and even multiplication, respectively. Various cascaded CW-VMR structures for very high output voltage applications can be found in the literature [45] , [169] , [170] .
b) Full-wave: Full-wave VMRs, another well-known type of independent boosting stage, are commonly employed at the output stage of transformer-based converters. Fig. 14 illustrates some basic and generalized structures for even and odd voltage multiplier groups. The VMR in Fig. 14(a) is a full-bride voltage doubler rectifier that, owing to its reduced voltage stress on output capacitors (it reduces the output voltage by one-half), is commonly used in various dc-dc converters [78] , [210] , [231] , [246] , [264] . The VMR in Fig. 14(b) is a quadrupler voltage rectifier that is considered to be a useful boosting stage in modern dc-dc converters owing to its balanced voltage stress on both capacitors and diodes [262] , [274] . Fig. 14(c) shows a multistage structure consisting of the VMRs in Fig. 14(a) and (b) (even group) [249] . The VMR in Fig. 14(d) is a voltage tripler rectifier that is used in many ultrastep-up dc-dc converters. This VMR can be found in isolated [242] or in multilevel output series structures [79] .
The VMR in Fig. 14(e) features a series connection of introduced on the secondary winding of the coupled inductor [80] . Some high-order VMR modules of this type are presented in [275] as up to ninefold voltage multipliers. A generalized form of this VMR is shown in Fig. 14(f) . Although the voltage stresses in the middle stages are reduced, the voltage stress of the output diode and capacitor remain identical to the high output voltage level. However, high-order multiplication may result in increased power loss, cost, and circuit size. Table IVsummarizes the voltage stresses on the diodes and capacitors of various VMRs.
C. Switched Inductor and Voltage Lift
The VL technique is another useful method that is broadly used in dc-dc converters to increase output voltage level. This technique is based on charging a capacitor to a certain voltage (e.g., input voltage) and then stepping up the output voltage (lifting voltage) with the voltage level of the charged capacitor. By repeating this operation with the inclusion of additional capacitors to create the so-called relift, triple-lift, and quadruple-lift circuits, the output voltage level can be further increased [81] - [101] . Many step-up dc-dc converters have been introduced by Luo (VL Luo converters) [81] , [82] , and the VL technique has been applied in the literature to a number of converters, namelý Cuk, SEPIC, and Zeta converters [83] . To further increase the VL, a multiple-lift circuit using an n-stage basic diode capacitor VL circuit was demonstrated in [171] .
The VL techniques can also be used in VL cells in step-up dc-dc converters. Voltage lift switched inductor (VL-SL) cells are shown in Fig. 15 , with a typical placement of these cells in a step-up dc-dc converter shown in Fig. 15(a) . The basic SL cell depicted in Fig. 15(b) was first introduced in [51] . In an SL cell, the inductors are magnetized in parallel and demag- netized in series. As both inductors have the same inductance value and operational condition, they can be integrated into a single core in order to reduce the size and weight of the converter. The elementary circuit of a VL circuit is shown in Fig.  15(c) . The VL cell has been implemented in various structures [85] , [86] . Recently, Ye and Cheng [87] introduced a small resonant inductor (under 1 μH) to the circuit of a basic VL cell and by varying the placement of the components produced some novel high conversion ratio dc-dc converters that benefit from simple structures and high efficiency. Implementing an elementary VL cell in an SL cell produces the so-called self-lift SL cell, as shown in Fig. 15(d) . Adding another diode and capacitor to a self-lift SL cell produces a double self-lift SL cell, as shown in Fig. 15(e) [85] . In a double self-lift SL cell, S 0 is used instead of D 0 in a basic SL cell with switching operation complementary to the switch S in Fig. 15(a) . Some high-order SL-based converters that can obtain high voltage gain can be found in the literature [86] , [88] . A generalized structure with an n-stage VL cell, called the superlift SL, was introduced in [89] . Luo and Ye [90] introduced several superlift SL converters for obtaining high-voltage-gain ratios. Table V presents a comparison between some of the parameters in the abovementioned VL-SL cells. An active switched inductor (A-SL) based converter was presented in [91] . Instead of three diodes, as in the basic SL cell shown in Fig. 15(a) , only two active switches are used in an A-SL network and there is no need for an external switch in the converter circuit. In the recent literature [92] , [93] , converters that include this structure have often been called AN converters. ANs can be placed in a step-up dc-dc converter such as the one in Fig. 16 . Various A-SL networks are shown in Fig. 17 . In [91] , an improved A-SL network that obtains increased voltage gain through the use of extra didoes and capacitors and reduces the voltage stress across S 1 and S 2 was introduced. A hybrid A-SL network was presented in [92] . Although it increases the voltage gain in the duty cycles to over 0.5, the voltage stress across the switch and the number of diodes are also increased. In the ANs shown in Fig. 17(a)-(c) , the shared operation of inductors allow for integration into a single core to potentially decrease the size and weight of the converters [92] .
A quasi active switched inductor (QA-SL) with a coupled inductor was introduced in [94] . QA-SLs can provide high voltage gain and low-voltage stress on S 1 and S 2 with a small coupledinductor core size. The voltage gain of a QA-SL network can be increased by increasing the turns ratio of the coupled inductor. To reduce the voltage spike on the power switches and increase the voltage gain, two diodes and two capacitors are employed in the improved QA-SL network shown Fig. 17(e) . Another coupled-inductor-based AN [95] is shown in Fig. 17(f) . This AN employs one less diode and capacitor than the improved AQ-SL while retaining the other features. Fig. 17(g) shows another AN [93] , which uses two more diodes and two fewer passive components (capacitors) than the improved QA-SL. In this design, the voltage stress on the power switches is higher than in the improved QA-SL while the obtained voltage gains are identical. Table VI presents a comparison between some major parameters of A-SL networks.
Other coupled-inductor-based SLs, referred to as switched coupled inductors (S-CL), have been presented in the literature. Fig. 18(a) shows an S-CL boost converter, which has a higher voltage gain than a boost converter and also recycles leakage energy to the load [96] , [97] . The S-CL circuit consists of three components, as shown as Fig. 18(b) . These components have also been implemented in various other converters (buck-boost, Cuk, SPEIC, and Zeta converters) [98] - [100] . Fig. 18(c) shows a novel, recently introduced S-CL converter [101] ; multiple, interleaved, and bidirectional topologies of this converter can be found in [101] .
D. Magnetic Coupling
Magnetic coupling is a popular voltage-boosting technique that is used in both isolated and nonisolated dc-dc converters.
Using a coupled inductor reduces the number of magnetic cores, which are often the bulkiest components in the layout. Despite benefits such as dominant boost ability, utilization of magnetic coupling is often incurs drawbacks such as leakage inductance that may require consideration in terms of recycling the leakage energy. In this section, the various transformer-based boost techniques, as well as the inductor coupling technique, are presented.
1) Transformer:
Transformer-based dc-dc converters are the subject of increasing research interest as the transformer turns ratio provides an additional degree of design freedom that, along with the duty cycle, can be manipulated to achieve highvoltage boost ability. Transformer converters can be broken into two types: isolated transformers, which are used to electrically isolate dc-dc converters; and nonisolated dc-dc converters derived from isolated converters, which are known in the literature as built-in transformers. Although their underlying circuit theories are similar; however, the performance differs by type. a) Isolated transformers: Fig. 19(a) shows a schematic of a basic transformer-based converter with an input dc source followed by a network of switches, diodes, and transformer that is then rectified and connected to an output filter. There are several common types of isolation transformers that can be incorporated into dc-dc converters according to their switching network layouts [4] , [5] . Full-and half-bridge converters typically use a transformer of the type shown in Fig. 19(b) , in which one or two windings in the secondary (depending on the rectifier circuit) are used to step-up the primary voltage. One type of buck-based converter called the forward converter incorporates a three winding transformer, as shown in Fig. 19(c) . Push-pullbased converters typically use a multiwinding transformer, as shown in Fig. 19(d) , in which the two windings in the primary (each one activating in a switching state) are followed by one or two windings in the secondary (depending on the rectifier circuit).
With the goal of enhancing boost ability or optimizing other features, a number of studies have focused on developing new types of dc-dc converters, including impedance (Z-) sourcebased isolated dc-dc converters, DAB topologies, dual-halfbridge topologies, etc. [226] , [229] - [231] , [249] , [265] , [266] , [280] , [287] - [288] , [295] - [297] . It is worth mentioning that the operation of a converter containing transformers should be investigated using a complete model of the transformer that contains magnetizing inductance and the leakage inductances of the windings. This implies that some additional features in transformer-based converters should be considered, e.g., the dc component of the voltage across the magnetizing inductance must be zero to avoid the core saturation. Leakage inductance can also cause problems such as switching losses or voltage spikes across the switching devices; however, these effects might be useful in some soft-switching techniques [257] . Indeed, the tolerance of transformer nonidealities makes resonant transformer isolated dc-dc converters such as LLC type usable in high-voltage applications [139] , [218] , [227] , [247] - [249] , [290] , [297] . These converters incorporate transformer nonidealities (i.e., leakage inductance and winding capacitance) into the basic operation of the circuit as parts of a resonant tank. Softswitching current-fed converters such as dual inductor-fed and full-bridge converters are another common solution for many high step-up applications [267] - [268] .
b) Built-in transformers:
The use of built-in transformer (also known as the transformer-assisted concept) is another approach for using magnetic elements in high step-up dc-dc converters [130] , [205] - [211] . This concept is derived from the idea of deriving nonisolated circuits from isolated circuits using direct energy transfer. As shown in Fig. 20 , one part of the load energy is directly delivered from the input source and the other is transferred through the magnetic coupling using voltage multipliers in order to enhance the boosting factor and improve the efficiency. The advantage of a built-in transformer is that there is balanced magnetic flux in the core, which allows for small core utilization owing to the inherent saturation avoidance [211] .
Some examples of general built-in transformer-based converter structures are shown in Fig. 21 . The primary side of such converters usually consists of switched networks to generate pulsating dc voltage, while the secondary side usually consists of SCs voltage multiplier modules [130] , [208] - [210] . In addition to the transformer shown in these circuits, various voltage multiplier circuits are used to further increase the voltage gain and reduce the built-in transformer turns ratio. With the help of the leakage inductance at the primary winding and the small dc blocking capacitor found in most of these circuits, quasiresonant operation is obtained, which in turn increases efficiency. Fig. 21(c) shows a high step-up dc-dc converter utilizing both coupled inductor and built-in transformer techniques. The turn ratios of the coupled-inductor and transformer introduce two additional control variables to extend the voltage gain and improve performance [210] . A further combination of quadratic boost and built-in transformer voltage multiplier techniques to obtain a high voltage can be found in [153] .
2) Coupled Inductor: Coupled inductors are a valuable component of nonisolated dc-dc converters that store energy in one cycle and power the load in the other cycles. As many applications do not require electrical isolation, the use of coupled inductors provides a helpful alternative boosting technique in dc-dc converters that can be achieved by tapping or simply coupling the inductors. a) Tapped inductor/autotransformer: Tapped circuits can be categorized into three types: switched-tapped, diode-tapped, and rail-tapped. Fig. 22(a) shows the general configuration of [208] . (f) Integrated with a transformer-assisted auxiliary circuit [210] . a tapped-inductor boost dc-dc converter [102] , [103] . Switch tapping occurs by connecting A to 1, B1 to 2, and C to 3. Diodetapping is obtained by connecting A to 1, B1 to 3, and C to 2. Finally, the circuit can be rail-tapped by connecting A to 3, B2 to 2, and C to 1. It should be mentioned that the coupling connection of tapped inductors can be in either cumulative [as shown in Fig. 22(a) ] or differential form. A complete overview of basic tapped inductor dc-dc converters, including buck, boost, and buck-boost converters, can be found in [46] and [104] . Tapped inductor techniques can be applied in multiple stages, as shown in Fig. 22(b) . A double-tapped inductor boost converter has been proposed [105] to reduce the turns ratio while maintaining higher boosting ability. Table VII shows a comparison between the obtained voltage gains of various tapped-inductor dc-dc converters, where n for a double-tapped-inductor boost converter can be defined as N 1 / (N 1 + N 2 ) or N' 1 /(N' 1 + N' 2 ) . Parasitic analysis shows that the gain voltage and efficiency of tapped inductor boost converters can be theoretically higher than that of PWM boost dc-dc converters. On the other hand, as the root mean square (RMS) current of the switches, RMS current of inductors, and diode-blocking voltages all increase when inductor tapping is utilized [106] , designing a clamp/snubber circuit is sometimes necessary [102] and [107] . Another advantageous use of tapped inductors is obtaining input current ripple cancellation in a PWM boost dc-dc converter, as demonstrated in [172] .
b) Magnetically coupled-based converters: Fig. 23 shows the general configuration of a coupled-inductor-based boost converter. A basic coupled-inductor boost converter is shown in Fig. 24(a) . The secondary winding acts as a voltage source in series with the power branch, while the clamp capacitor C c and diode D c are used to recover leakage energy. The clamp capacitor can be shifted within the circuit. The clamping function is similar in all placements and the leakage energy can be effectively recycled directly or through the secondary winding to the load [108] .
Passive clamping may not effectively eliminate switch voltage spiking, and several solutions have been proposed to address this problem. In the active-clamp assisted circuit illustrated in Fig. 24(b) , the voltage spike is reduced using the soft-switching technique, which leads to higher efficiency and lower voltage stress on the devices [136] . A snubber circuit can also be used to absorb the energy of leakage inductance and to improve efficiency [109] . A proposed circuit using this assumption is shown in Fig. 24(c) . Both the CP and the passive clamp circuit can be used on a basic boost coupled-inductor converter to increase the voltage gain and reduce the voltage stress on the main switch [see Fig. 24(d) ] [110] .
By using charge pumping and SC voltage multiplier methods in a coupled inductor, a high step-up gain, which is desirable in distributed generation (DG), can be achieved [111] . An example of this technique is shown in Fig. 24(e) , in which two capacitors are charged in parallel and discharged in series by a coupled inductor. A three-winding coupled inductor can be useful in situations in which higher voltage conversion is required. Fig.  24(f) shows a typical application of the three-winding boosting technique. Using the method described in [112] with added high boost ability reduces the switch conduction time, which in turn leads to a lower conducting loss. In addition, the leakage energy is recycled by the output. The reverse-recovery problem can be solved by the manipulation of the delay time by crossing the primary and secondary currents of a coupled inductor. Fig. 24(g) shows a dual-switch three-winding coupled-inductorbased boost circuit integrated with a CP; utilizing two switches helps this circuit reduce the voltage and current stress. An active clamp is present to ensure ZVS and improve efficiency [137] . As mentioned previously, all dc-dc converters with magnetic coupling are vulnerable to the detrimental effects of the leakage inductance, i.e., voltage ringing and high spiking on semiconductors. However, leakage inductance can also be used to benefit converter performance by adding a small capacitor in series with the primary or secondary of the coupled inductor in order to form a resonant circuit with the leakage inductor and produce a soft-switching (ZVS and/or ZCS) condition [203] , [204] , [207] , [210] .
The emergence of impedance-network-based power converters has opened another field of voltage-boosting techniques.
Many magnetically coupled impedance networks have been introduced in the literature with the goal of improving the voltage boost ability power converters: these include trans-Z source and Γ-source networks [20] and [31] . The galvanically isolated structure of dc-dc impedance source-based converters is also receiving increased attention [226] . In a trans-Z-source impedance network, as shown in Fig. 25(a) , a coupled inductor is used to increase the voltage gain. Fig. 25(b) shows a Γ-source impedance network that also utilizes a coupled inductor. The voltage gain of a trans-Z-source structure increases by increasing the turns ratio, while in a Γ-Z-source structure gain increases by decreasing the turns ratio. A three-winding coupled-inductor-based dc-dc converter that employs a novel impedance network derived from the abovementioned impedance-network designs was introduced in [113] . Fig. 25(c) shows a Y-source impedance network, which has more design degrees of freedom than its counterparts. A continuous input current version of this converter, called a quasi-Y-source dc-dc converter, is shown in Fig. 25(d) [173] . Using dc blocking capacitors in series with the coupled inductor, this circuit effectively avoids core saturation. Another variant of these types of dc-dc converter with continuous input current and dc blocking capacitors can be found in [174] , in which the voltage gain is increased by reducing the magnetic turns ratio, and additional quasi-types of magnetically coupled impedance source can also be found in the literature [31] . A comparison among the different coupled-inductor dc-dc converters is presented in Table VIII. Boosting the voltage using a coupled inductor is still an active area of study, and many new methods are being proposed to improve existing configurations or integrate the coupling technique with other techniques [114] , [115] , [175] , [208] , [231] . It can be inferred from the literature that, when dealing with high step-up gain and a wide operating range, at least one part of a multistage power conversion structure should be based on coupled magnetics in order to reduce component stress. For instance, the hybrid switched-capacitor/magnetics circuit structure proposed in [277] and called the MultiTrack architecture splits the wide voltage conversion range into multiple smaller ranges. This circuit relies on the combination of several voltage-boosting techniques, i.e., switchedinductor, multiphase (interleaved), switched-capacitor, and magnetic coupling. Indeed, the MultiTrack architecture is a proper example of how several boosting techniques can be merged in order to produce high step-up gain with distributed voltage and current stresses and increased integration/power density. 
E. Multistage/-Level
One well-known method for increasing the voltage gain of a dc-dc converter is to employ several stages of converter modules connected in various ways. This can be realized by implementing several identical/different converter modules combined with various voltage-boosting techniques. In this subsection, cascaded, interleaved, and multilevel converter topologies and their sub groups are presented. The voltage gain in multistage/-level structures increases linearly or exponentially (often multiplicatively by number of stages) as a function of the topology used.
1) Cascaded: Cascading connection of converters is a simple approach for increasing voltage gain. Fig. 26 shows a schematic of a cascaded dc-dc converter [25] . According to the depicted scheme, two or more boost converters can be connected in cascaded form (called a quadratic group) or different types of step-up converters can be connected in cascaded form (called a hybrid group). a) Quadratic boost: Fig. 27(a) shows a cascaded boost converter consisting of two boost converters in cascaded form [44] . The voltage stress on the first stage is relatively low, and it can be operated in high frequency; hence, it is benefits from high power density. By contrast, the second stage can be operated at a low frequency to reduce the switching loss. A multistate version of this converter with several cascaded boost converters is presented in [140] . To reduce the circuit complexity, the switches of the cascaded boost converter can be integrated into one switch. In a structure called a quadratic boost converter [141] . A possible drawback of quadratic boost converters is that the duty ratios of the two boost stages can no longer be independently controlled, unlike in topologies such as in Fig. 27(a) . The configuration of a quadratic boost converter is shown in Fig. 27(b) . A multistage version of this converter with several voltage-boosting modules and only one switch is presented in [142] . Fig. 27(c) shows a three-level quadratic dc-dc converter that was introduced for high-voltage-gain applications [143] . Several basic quadratic boost converter structures are shown in Fig. 27(d)-(g) [16] . Quadratic boost converters can operate with wider ranges of voltage gain than those of PWM boost dc-dc converters. For applications in which the voltage gain is limited, quadratic boost converters can operate with narrower variations in the duty cycle than those in PWM boost dc-dc converters, which simplifies the design procedure and improves performance [144] . Moreover, quadratic boost converters are advantageous for low-power applications where sophisticated magnetic designs are avoided. Fig. 27(d) shows a quadratic boost converter with low capacitor voltage stress [145] . In Fig. 27 (e) and (f), two quadratic boost converters with the same components that only differ in terms of the buffer capacitor placement are shown [146] . Several modifications have been added to the basic quadratic boost converter schematic. A quasi-resonant quadratic boost converter that increases efficiency was introduced in [204] . In [147] , a quadratic boost converter with an active clamp to reduce the voltage spike on the switches was introduced. In general, cascaded boost-type converters, such as those in Fig. 27 , usually have four switches, with at least one of them active. They may also contain a single inductor and capacitor for each stage of the converter: for example, two stage cascades tend to have two inductors and two capacitors in their circuits.
b) Hybrid cascaded: In this subsection, two types of cascaded converters are introduced: quadratic boost-based converters with auxiliary circuits, and hybrid connections of two different types of dc-dc converters. Fig. 28(a) shows the general structure of a hybrid cascaded connection of quadratic boost and voltage multiplier modules. In [148] and [149] , some cascaded dc-dc converters with quadratic boosting in the first stage, coupled-inductor modules in the second stage, and output series connection were presented. In [150] - [152] , various combinations of quadratic boost and coupled-inductor techniques were used to achieve high voltage gain. Combinations quadratic boost converters with various VMCs can be found in [153] - [155] . With the aid of voltage multiplier circuits, the voltage gain of these quadratic boost based converters are high enough to fulfill high-voltage applications. Fig. 28(b) and (c) shows examples of dc-dc converters with quadratic boosting in the first stage. Fig. 28(d) shows the general structure of a hybrid cascaded two different dc-dc converter. A synthesis of a family of ZVS dc-dc converters with fundamental PWM converters was presented in [32] . In [155] , some combinations of quadratic boost and Zeta converters were presented. In [156] , the cascaded connection of a quadratic boost converter and a forward converter is presented. In converters such as these, the cascaded connection of various converters often allows for a high boost ratio using small passive components. A hybrid cascaded connection of an interleaved and a three-level boost converter, as shown in Fig.  28(e) , was introduced in [157] . The cascaded connection of a boost converter with a buck-boost converter [see Fig. 28(f) ] and with a half-bridge converter with two quadrant chopper was presented in [158] and [218] , respectively. These examples show the potential of the cascading concept in various topologies with different voltage-boosting techniques. Depending on the implementation, such topologies may incorporate more switches than traditional cascade structures and may therefore have higher costs commensurate with their parts count.
2) Interleaved: In step-up dc-dc converters, the input current level is higher than the output current level. As such, the multiphase interleaving technique is a promising solution for decreasing the current ripple and increasing the power density in high step-up dc-dc converters. Fig. 29(a) shows a schematic of a two-phase interleaved boost converter. In addition to zero reverse-recovery of output diodes, an interleaved boost converter with coupled input inductors has lower current ripple and a smaller switching duty cycle than a normal boost [58] . A reverse coupling of this converter with lower inductor ripple current and negligible dc flux in the magnetic core can be found in [59] . Fig. 29(b) shows a schematic of a two-phase interleaved step-up dc-dc converter with passive/active clamp circuits and a voltage multiplier module (coupled inductor or transformer, SC) between the input switches and output diodes to increase the voltage step-up gain.
Various interleaved dc-dc converters can be connected in series with SC voltage multipliers [60] , [61] , [159] . Fig. 29(c) shows an SC cell that can be implemented in conjunction with an interleaved dc-dc converter with or without input inductor coupling. The voltage gain increases with the number of multiplier stages and is higher than in traditional boost converters [60] , [159] . A CW multiplier module for an interleaved dcdc converter is shown in Fig. 29(d) . The voltage gain of this converter can be tuned with respect to the order of the voltage multiplier, and an active clamp circuit can be used in each interleaved stage to increase the efficiency [61] . An interleaved boost converter with a magnetic coupling multiplier circuit is shown in Fig. 29(e) . This converter is a cascaded connection of an interleaved boost converter with a VMC at the output [62] . A common active clamped interleaved boost converter with coupled inductor, as illustrated in Fig. 29(f) , was proposed in [63] . In this configuration, an extra boost converter is used to suppress the voltage stresses across the switches caused by leakage inductance. The leakage energy is collected in the clamp capacitor and powered to the load by the clamp boost converter. Fig. 29(g) shows a multiplier boost module with a passive lossless single snubber circuit for interleaved converters [64] . In the design, capacitor C S acts as a turn-off snubber and is used to alleviate the switching loss. A limitation of using this snubber is that the duty cycle of the switch must not be greater than 0.5. One of the most important considerations in coupledinductor-based boost cells used in interleaved topologies is the optimum design of the snubber circuit for recycling leakage energy.
Another type of coupled-inductor-based interleaved converter is shown in Fig. 29(h) . Owing to the inherent voltage double function of the SCs and the proper turns ratio coupled inductor, high voltage gain can be achieved with this multiplier module [127] . The winding crossed coupled inductor (WCCI) concept was introduced to achieve high step-up and step-down in interleaved dc-dc converters [128] . Fig. 29(i) shows the basic structure of a WCCI configuration, in which two three-winding coupled inductors are used to step-up the voltage level. The first and second windings of each coupled inductor (N 1a and N 1b /N 2a and N 2b ) are inserted to the same phase, and the third winding (N 1c /N 2c ) is coupled to the inductors in another phase. Either an active or passive clamp can be used to recycle the leakage energy and absorb the voltage spike caused by the leakage inductance [128] , [129] . As shown in Fig. 29(j) , a three winding built-in transformer can be used instead of the WCCI to boost the voltage level [205] .; as in the WCCI circuit, the leakage energy is recycled and voltage spikes are absorbed efficiently owing to the active clamp circuits on each phase. The boost ability can be further improved by using an SC voltage multiplier in this circuit [206] , as shown in Fig. 29(k) . Isolated interleaved dcdc converters can also be found in the literature [261] , [273] ; these are based on the concept of parallel input and isolated series output. A comparison between various interleaved dcdc converters with different boosting techniques is presented in Table IX. 3) Multilevel: Multilevel dc-dc converters are gaining attention in both industry and academia for their usefulness in high-power high-voltage applications. Multilevel converters in a dc-dc structure can help to decrease or almost eliminate magnetic components, which leads to reduced converter size and weight [17] - [19] . From the input voltage view, multilevel dcdc converters can be divided into two major types: multilevel converters with a single dc or multiple dc sources. Single-source multilevel modular structures are of interest for use in electric vehicle (EV) or HEV and motor traction, as multiple distributed energy sources such as batteries, PVs, and FCs can be connected through a multilevel cascaded dc-dc converter to feed into a load or the ac grid without voltage balancing problems.
a) Modular (single dc source):
One topology for singleinput multilevel structures is the boost converter with multiple submodules consisting of switches/diodes and capacitors [212] . A schematic of this converter with several submodules is shown in Fig. 30(a) . The main advantages of this type of converter are its simplicity, modularity, and flexibility [47] . As can be inferred from Fig. 30(a) , this type of multilevel converter comprises several submodules and is, therefore, called a multilevel modular dc-dc converter. Two basic structures of this kind without active switching at their output stages are shown in Fig. 30 . In Fig.  30(b) , a PWM boost converter is employed as the base level of a proposed multilevel converter [160] . In Fig. 30(c) , a two-switch multilevel converter with no inductive element is shown [161] . The main advantage of these structures is their low-voltage stress on output devices.
Multilevel modular SC structures are another group of singleinput multilevel dc-dc converters [65] , [215] . The basic structure of this group is shown in Fig. 31(a) . Converter modules in this category of multilevel converter usually consist of SC structures. In Fig. 31b ), a three-switch module with one capacitor is shown as a basic module for boosting the dc voltage level; this is also known as capacitor-clamped module for multilevel converters [131] , [216] . In Fig. 31(c) , another dc-dc module that uses two capacitors and four switches to double the dc input voltage is shown [217] . These converter types are addressed in more detail in Section III-A. In addition to the previously [66] , [67] .
b) Cascaded (multiple dc source): To increase the output voltage level of PV or FC modules, such sources can be connected in series to increase their string voltage. This series-connected voltage can then be connected to a converter for regulation or further step-up purposes. On the other hand, such sources can be connected in cascaded multilevel connections, which have been claimed to have better reliability, safety/protection, and maintainability and lower cost [24] , [38] , [243] . This group of multilevel converter comprises cascaded connections of multiple lower voltage dc-dc converters [see Fig. 32(a) ] and is therefore called multilevel cascaded dc-dc converters. Fig. 32(b) shows a basic converter module for connecting an FC in a cascaded multilevel connection [39] . With this configuration, when S H is ON and S V is OFF, the corresponding FC module supplies the load, and if S V is ON and S H is OFF, the FC module does not supply power. In [40] , a voltagedouble-converter module for low-voltage modular sources was introduced. Fig. 32(c) shows a schematic of this converter, in which a small inductor can be introduced immediately following the input dc source to achieve the ZCS condition for all switches. Fig. 32(d) shows a conventional dc-dc boost converter as a single-converter module for integration within a cascaded multilevel converter [41] . In [24] , other conventional dc-dc converter types such as buck-boost andĆuk were proposed for this purpose. Fig. 32 (e) shows a boost converter with two active switches [42] . When galvanic isolation is a concern, isolated dc-dc converter modules are utilized. Fig. 32(f) shows a flyback half-bridge dc-dc converter module introduced for modular multilevel converters [236] . Other dc-dc converter modules with galvanic isolation, such as H-bridge and push-pull structures, can also be found in the literature [237] .
As mentioned above, multilevel cascaded dc-dc converters process the entire generated power of individual input sources, which is an inefficient process for extracting maximum power when there is a mismatch in one of the input sources (e.g., partial shading in PV panels). Moreover, the charging process in a series of battery stacks can be equalized by processing charging power individually, which will increase the overall charging system efficiency [25] - [27] , [238] . To cope with these issues in series sources/loads, partial power processing (or differential power processing) has been introduced [28] as a means for processing a fraction of each source more efficiently and only if necessary, e.g., by processing the difference maximum power current between two PV panels or diverting the current path of one charged battery pack to another.
IV. APPLICATIONS AND COMPARISON OF STEP-UP DC-DC CONVERTERS
Step-up dc-dc converters have been used for wide range of power conversion applications from the milliwatt scale upward, e.g., from energy harvesting to MW-level high-voltage dc transmission systems. The recent emphasis on energy efficiency and renewable energy development has intensified research on step-up converters in both academia and industry. Some applications driving this demand include energy harvesting, medical implantable devices, portable devices, gadgets, and appliances, lighting technology, space and avionics, transportation (automotive and railway) technology, telecommunications, data center, industrial, renewable energy, and DG in dc microgrids, high-voltage technology (physics research, medical, and military), high-voltage/power dc-dc converters, and high-voltage dc (HVDC) systems in utility grid applications [24] , [38] , [41] , [42] , [53] , [114] - [122] , [139] , [178] - [188] , [221] - [223] , [228] , [240] - [248] , [263] , [276] , [281] - [309] . A broad overview of the scope of step-up dc-dc converters with different voltage and power levels used in various applications is illustrated in Fig. 33 . The overall technological advancement in recent years is leading to increasing levels of power demand from a number of applications and systems. Correspondingly, it is important here not to limit or designate the specific power levels or input and output voltage levels for specific applications. Consequently, the voltage and power levels discussed here are used to approximately demonstrate the voltage and power requirements of dc-dc converters employed in relevant applications. Furthermore, in some applications that employ modular structures only the voltage and power levels of a single module are considered.
In ultralow-power applications, conventional boost dc-dc converters are being used to step-up the voltage level of microenergy harvesting sources with low voltages and/or low currents [176] , [177] using solar [178] , microbial FC [179] , thermoelectric [180] , motion and vibration [181] , and piezoelectric [116] energy. Usually, PWM boost dc-dc converters or other basic step-up dc-dc converters are employed in such applications owing to their simplicity, small size, and low weight. High step-up dc-dc converters are popular in portable electronic devices, in which battery storage systems or standalone renewable sources like PV and FC are typically employed as input sources to supply dc bus for electronic devices [117] , [118] . With the emergence of wireless power transfer (WPT) technology, a prospective application area is developing for various low-power electronic gadget applications (i.e., cell phones, laptops, hand tools, etc.) [299] , [300] and implantable medical devices [301] , [302] . In such applications, dc-dc converters can construct an entire WPT system for supplying dc loads (e.g., battery, ultracapacitor, etc.) or can be employed separately to step-up the voltage at the receiver side in order to meet specific dc load requirements.
Lighting is another major sector that demands high-efficiency dc-dc converters as power supplies and driver circuits [53] .The development of light-emitting diodes (LED) has opened up a new era of lighting. As compared to conventional lighting systems, LED systems have longer life, smaller size, lower energy consumption, and improved robustness, all of which lead to improved lighting [244] .
Step-up dc-dc converters are widely used in dimmable LED power supplies [182] . Stand-alone street lighting systems are another LED technology in which dc-dc conversion is used in battery storage systems [253] .
Step-up dc-dc converters are used to increase the low voltage of car batteries (∼12 V) to the high-voltage level required in automotive lighting systems that drive high-intensity discharge lamps and LED spotlights [119] . Display panels are another lightingrelated technology in which step-up dc-dc converters are used as a power supply driver for plasma display panels [246] or as backlight power modules for liquid crystal displays (LCD) [183] . Older cold-cathode fluorescent lamp televisions are being replaced by LED models that achieve better backlighting contrast ratios. Although white LEDs are most prevalent, RedBlue-Green LEDs can also be used to integrate the function of color contrast into LCD screens. Edge lit LED TVs use a few channels to drive strings of LEDs located on the perimeter of the television screen through waveguides that light strips along the back of the television [187] . This technology permits thin TV displays and lower costs but requires higher current LEDs. Similar technologies are used for desktop monitors, tablets, etc., that have typical boost specifications requiring a wide range of input voltage (4.5-20 V) and up to 42-V output to drive multiple channels of series-connected LEDs. Lower power LED lighting management units sometimes utilize CPs, particularly in cell phone camera flash LED drivers. Active matrix organic LED (AMOLED) panels have several advantages in terms of high quality, low power consumption, and low cost, making them suitable for mobile display applications, which require both positive and negative power supplies with different voltage levels [120] .
SC converters have found widespread application in particular in the low-and high-power-density markets. As an example of such applications, CPs powered at less than ∼5 W can be used in 3-D integration in order to fabricate CMOS silicon deep trench capacitors in the processes identical to those used for fabricating entire ICs [123] , [134] . Single system-on-chip (SOC) solutions are quite useful for boosting low battery voltages such as 1.2 V alkaline or NiMH to microprocessor voltage levels (3.3-5 V) in portable electronic applications or highside MOSFET gate drivers [303] . SOC power levels can often be limited by factors such as dielectric breakdown or narrow trenches when building capacitors in silicon; although highpower SC converters with large discrete capacitors have been reported and demonstrated, they have not yet seen widespread application [67] .
In the automotive transportation sector, various dc-dc converter types have been used in the electrification systems of EVs, FC-EVs, and plug-in HEVs. Based on their power flow direction, these converters can be classified as unidirectional or bidirectional [213] , [220] , [284] , [289] , [294] . Unidirectional dc-dc converters are also used in onboard applications such as sensors, controls, utility, entertainment, and safety equipment. Bidirectional dc-dc converters are required for battery charging in regenerative braking and for back-up power [298] . In the abovementioned applications, the voltage level of the battery storage system (∼180-360 V) is usually lower than in the loads (∼400-750 V), which led to the implementation of step-up dcdc converters. Uninterruptable power supply (UPS) is another type of dc-dc converter application for use in integrated battery storage systems in which bidirectionally operating dc-dc conversion is desirable [291] .
In high-power railway transportation systems, extracting the regenerative energy of a traction motor in the braking mode is a critical operation that requires the use of a bidirectional dc-dc converter [42] . Furthermore, trains with battery storage systems should employ bidirectional dc-dc converters in order to maintain their dc voltage within a specific range (500-600 V) in interconnected operating mode and supply the dc feeder voltage (1-2 kV) in isolated operating mode [221] . Similarly, the exploitation of regenerative energy from the electric motor of an elevator or escalator system in downward motion relies on the proper utilization of bidirectional dc-dc converters [214] .
Examples of unidirectional dc-dc conversion in railway systems include an FC-battery hybrid tramway that utilizes a boost converter to regulate the dc traction bus voltage (∼700-800 V) [222] and [223] . Furthermore, step-up dc-dc converters can provide proper dc output voltage, which is required by dc adjustable speed drives in trolleybus applications [184] .
As fossil fuels become scarce, renewable energy sources such as PV, FC, and wind turbines not only help in decreasing greenhouse gas emissions but also provide much flexibility, reliability, and portability in power generation. Renewable and DG in microgrids is vital to sustaining high dc-bus voltages (380-400 V). Microgrids can operate in the grid-connected mode or islanding mode; in both cases, reliability and sustainability are major concerns [286] , [292] , and [297] . As the output voltage of renewable energy sources (PV, FC, and wind turbines) are usually low and variable, high step-up dc-dc converters are needed in their power conversion systems in order to meet dc line voltage requirements [122] . Furthermore, PV arrays are usually implemented with modular dc-dc structures in order to gain higher power levels, reliability, and efficiency [24] , [38] , and [41] .
The increasing use of information and communication technology equipment is resulting in the introduction of different standards. In the last decade, 380-V dc distribution systems have begun to supplant conventional 48-V dc distribution systems. As a result, there is increasing demand for high step-up dc-dc converters in network server and data center applications [121] , [139] . In avionic standards, 28-V dc load bus and 270-V high-voltage dc bus are the most common voltage requirements for aircraft electrification [304] . Typically, bidirectional dc-dc converters are employed in the battery back-up systems of aircraft in order to convert low-voltage inputs to a high-voltage dc bus in the boost mode [281] , [288] , [293] , [304] . In such systems, the battery storage can be used at the 28-V dc bus, the bidirectional converter should supply the 270-V dc bus, and the motor controllers can use even higher levels, i.e., 540-V dc. In space applications, by contrast, high-voltage dc-dc converters with modular structure are usually employed to obtain the kilovolt voltage levels (based on individual modules under 1-kV apiece) required for space shuttle/satellite applications [239] , [276] .
Higher output voltage dc-dc converters are being used widely in many applications including medical, military, and physics experimentation [247] , [305] . In X-ray power generators and high-voltage CO 2 laser applications, SC voltage multipliers (i.e., CW multiplier) are typically used to achieve high-voltage levels in X-ray/laser discharge tubes [240] , [248] . In pulsed power applications such as pulsed lasers and radar systems, in which high-voltage pulses are required, the use of a capacitor charging power supply (CCPS) is a potential solution. In this application, a high-voltage dc-dc converter is used to charge a capacitive load (at kilovolt levels) [241] , [263] . Plasma research is yet another technology that requires high-voltage dc power supplies to charge large capacitive loads to specific high-voltage levels [282] .
Robotics and motor drive technologies have become part of the main stream in the production lines of various industries.
Step-up dc-dc converters are being employed in factory production lines to control dc motor speed or supply the voltage requirements of dc buses [245] and [306] . In recent decades, advancements in high-power electronics technology has resulted in the use of high-power dc-dc converters with kilowatt levels in a broad range of applications including renewable energy, military, and industrial applications [185] , [228] .
From the inception of ac power systems, power factor correction requirements have always led to the use of dc-dc boost converters [186] . Prior to the advent of ac transmission, power lines used exclusively dc transmission, but increasing losses at the voltage levels available more than 100 years ago meant that dc was not amenable to long distance transmission. Voltage-source converter high-voltage dc (VSC-HVDC) is an electric power transmission technology based on the use of high-power dc-dc converters and modern HVDC cables that can be implemented in long or short transmission lines. VSC-HVDC technology is being considered as a practical solution for the integration of renewable energy sources for which designers must overcome high step-up dc voltage ratios at high (megawatt size) power levels [188] . Voltage-source HVDC technology was first introduced by ABB as HVDC Light; later on, similar concepts based on MMCs called HVDC PULS and HVDC MaxSine were developed by Siemens and Alstom, respectively [307] . The power range in the voltage source in HVDC technology is just a few tens of megawatt, which is more economical and feasible than traditional line-commutated HVDC transmission. The appropriate connection of HVDC transmission using high-voltage dc-dc converters is an important issue; in these systems, MMCs have become popular owing to their significant reduction of harmonic content and their scalability in terms of voltage levels [308] , [309] .
V. SUMMARY AND CONCLUSION
The ongoing technological progress in high-voltage step-up dc-dc converter has five primary drivers-energy efficiency, power density, cost, complexity, and reliability-all of which also influence each other to some extent. Table X, along with the spider wave diagram in Fig. 34 , provides a comparative summary of various voltage-boosting techniques in terms of their major characteristics (i.e., power level, cost, reliability, efficiency, power density, weight, integration, and complexity). This view facilitates quick selection between related alternatives for special load and application requirements. Each voltageboosting technique has its own unique features and suitable applications, and there is no one-size-fits-all solution. Nevertheless, it is generally not fair to permanently favor any particular technique or solution. The converter topology and control method, which was seen as complex and inefficient a decade back, has now become a key solution for many industries and applications. In this manner, new topologies based on different and often merged voltage-boosting techniques will continue to appear in order to meet and improve the performance of different applications. Thanks to the progress in power-semiconductor devices, new widebandgap devices (GaN, SiC, etc.), advanced magnetic materials, high-performance digital control platforms, and advanced design and packaging including thermal management (3-D integrated) have all become a reality. These advances will undeniably enable more powerful and advanced power converter solutions for the next generation of power conversion systems. Overall, the authors hope that this comprehensive survey will be a useful resource to help both academic and industry readers comprehend step-up dc-dc converter topologies and identify their respective pros and cons.
